Bird pollination systems are dominated by specialist nectarivores, such as hummingbirds in the Americas and sunbirds in Africa. Opportunistic (generalist) avian nectarivores such as orioles, weavers and bulbuls have also been implicated as plant pollinators, but their effectiveness as agents of pollen transfer is poorly known. Here, we compare the single-visit effectiveness of specialist and opportunistic avian nectarivores as pollinators of Aloe ferox, a plant that relies almost exclusively on birds for seed production. We found that the number of pollen grains on stigmas of flowers receiving single visits by opportunistic avian nectarivores was approximately threefold greater than on those receiving single visits by specialist sunbirds and about twofold greater than on those that received single visits by honeybees. The number of pollen grains on stigmas of flowers visited by sunbirds was similar to that on stigmas of unvisited flowers. These results show that opportunistic birds are highly effective pollinators of A. ferox, supporting the idea that some plants are specialized for pollination by opportunistic birds.
Bird pollination systems are dominated by specialist nectarivores, such as hummingbirds in the Americas and sunbirds in Africa. Opportunistic (generalist) avian nectarivores such as orioles, weavers and bulbuls have also been implicated as plant pollinators, but their effectiveness as agents of pollen transfer is poorly known. Here, we compare the single-visit effectiveness of specialist and opportunistic avian nectarivores as pollinators of Aloe ferox, a plant that relies almost exclusively on birds for seed production. We found that the number of pollen grains on stigmas of flowers receiving single visits by opportunistic avian nectarivores was approximately threefold greater than on those receiving single visits by specialist sunbirds and about twofold greater than on those that received single visits by honeybees. The number of pollen grains on stigmas of flowers visited by sunbirds was similar to that on stigmas of unvisited flowers. These results show that opportunistic birds are highly effective pollinators of A. ferox, supporting the idea that some plants are specialized for pollination by opportunistic birds.
Background
Early work done on bird pollination systems in the Americas emphasized an apparent distinction between hummingbird and passerine bird pollination systems [1] [2] [3] [4] [5] [6] , but, at the global scale, a more useful functional dichotomy is that between specialist avian nectarivores, including hummingbirds and passerine sunbirds, and more generalist and opportunistic avian nectarivores, such as orioles, weavers and bulbuls [7] . Plants seem to show evolutionary specialization for pollination by specialist or opportunistic birds [8] , manifested in divergent nectar properties among the plants pollinated by either of these groups of birds [7] . It is implicit in the specialization of plants for pollination by opportunistic birds that these birds can outperform specialist birds as pollinators under some circumstances, but it is still unclear whether this is because opportunistic birds are more effective on a per-visit basis or simply because they are more abundant as visitors.
Existing evidence for the pollination importance of opportunistic birds comes from studies comparing their contribution to seed set with the contributions made by insects or autonomous self-pollination [9] [10] [11] [12] [13] [14] [15] [16] [17] . Indirect evidence for the pollination effectiveness of opportunistic birds also originates from analyses of their pollen loads [18, 19] . The few experimental comparisons of per-visit effectiveness of opportunistic versus specialist nectar-feeding birds concluded that specialist nectar-feeding birds are the more effective pollinators [20, 21] .
In some places, such as islands, specialist avian nectarivores are absent altogether and opportunistic birds are thus the only available niche for bird pollination [12, 15, 22] . Even where specialist birds are available, plants often appear to partition the bird pollination niche into specialist bird and opportunistic bird systems ( [18, 19, [23] [24] [25] , but see [21] ). Aloe vryheidensis, for example, produces a bitter nectar that deters both specialist birds and insects, and is consumed only by opportunistic birds [14] . The South African succulent treelet Aloe ferox is an unusual example of a plant with flowers that attract both specialist and opportunistic birds [24, [26] [27] [28] [29] , thus providing an excellent opportunity to study the pollination effectiveness of opportunistic and specialist nectarivores. The ratios (as relative percentages) of sunbirds : opportunistic birds recorded as visitors to this species in previous studies are 26 : 74 [24] , 13 : 49 [28] , 36 : 64 [29] . Exclusion of all birds from flowers results in a steep decline in seed production [30] [31] [32] . Given that the nectar properties of A. ferox are consistent with the nectar syndrome of plants pollinated by opportunistic birds [7] , we inferred that opportunistic birds have been historical agents of selection and would thus outperform specialist avian nectarivores in terms of per-visit pollination effectiveness. To test the quantitative component of pollination effectiveness, we performed experiments in which flowers were subjected to single visits by each functional group (specialist birds, opportunistic birds and insects) and compared with unvisited flowers in terms of the number of pollen grains present on stigmas.
Methods (a) Study species
Aloe ferox Mill (Asphodelaceae: Alooideae) is a tree-like succulent up to 5 m tall (figure 1a). Individuals produce up to 13 racemes (approx. 280 flowers per raceme) that open acropetally. Flowers are protandrous, self-incompatible [31] , bright orange and tubular with exserted stamens and pistils. Voucher specimens are lodged in the Bews Herbarium (NU) at the University of KwaZulu-Natal, Pietermaritzburg (MCZ: 1587, 1588, 1589).
(b) Study site
We studied a large population (more than 500 plants) of A. ferox at the Impala Bend farm within the Lower Mpushini Valley Conservancy Reserve, Ashburton, South Africa (−29.644115 S, 30.492922 E), during the flowering period of 2017, from July 3rd till August 12th (dry season).
(c) Avian flower visitors
To estimate of the frequency of visits by specialist versus opportunistic birds and to characterize the assemblage of avian visitors to flowers of A. ferox at our study site, we conducted 31 h of observation encompassing 12 days.
(d) Single-visit pollen deposition
To compare pollen deposition by specialist and opportunistic birds, we bagged racemes at the bud stage and exposed racemes to single visits after anthesis. We measured stigma exsertion as a proxy for the stage of flower development. We exposed flowers to bird visits during periods of low honeybee activity (i.e. early morning and late afternoon) and observed them through binoculars from a distance of 5-10 m. We allowed each bird to complete its visit bout (defined by the arrival and departure of a bird on a previously unvisited plant) and then collected the visited flowers. Unvisited flowers were collected to control for accidental self-pollination resulting from the bagging. For honeybees, we followed the same protocol used for birds, except that we observed visits from a closer distance and stigmas were collected immediately after a single probe by a honeybee. Bouts by birds could potentially involve more than one probe per flower, while bouts by honeybees were terminated after a single probe. The number of pollen grains deposited on stigmas by honeybees may therefore be underestimated relative to that deposited by birds. Effort was put into sampling across days and plant individuals throughout our study site to minimize the chances of sampling the same pollinator individual across bouts (see electronic supplementary material, tables S1 and S2 for sample sizes). Collected stigmas were mounted on microscope slides with fuchsin gel [33] and pollen grains were counted on the stigmas using a Zeiss Axio Lab.A1 microscope with a total magnification of 50× or 100×.
We examined stigmas of 92 flowers visited during 10 foraging bouts by black-capped bulbuls (Pycnonotus tricolor), 45 flowers visited during five bouts by weavers (Ploceus spp.), 69 flowers visited during six bouts by Cape glossy starlings (Lamprotornis nitens), 24 flowers visited during four bouts by amethyst sunbirds (Chalcomitra amethystina) and 102 flowers visited by honeybees. All visitors were identified to species, except for the weavers, which are difficult to reliably distinguish in the field, and were thus pooled for analysis.
(e) Data analysis
Count data (number of flowers probed, number of pollen grains deposited on stigmas) were analysed using generalized linear models (GLMs), implemented in SPSS 25 (IBM Corp.), which incorporated a negative binomial distribution and log link function. Bout duration was also analysed with a GLM, but using a gamma distribution and log link function. To account for the repeated measures of the multiple flowers visited and collected for each bird bout, we used generalized estimating equations (GEEs) with an exchangeable correlation matrix and bout treated as the subject. We treated pollinator species ( pooled for weavers) as a fixed factor nested within 'pollinator functional groups'. Functional pollinator groups consisted of honeybees, opportunistic birds (bulbuls, glossy starlings and weavers) and specialist birds (amethyst sunbirds). In addition, we included stigma exsertion as a covariate to control for flower age. We also ran a GEE (again including bout as the subject) with pollinator species as the sole fixed factor to assess the relative contributions of the different species to pollen deposition and determine if the various opportunistic bird species were functionally similar to each other in terms of pollen deposition. Post hoc pairwise comparisons were performed with sequential Šidák correction. Model significance was assessed using likelihood ratios for simple GLMs and Wald statistics for GEEs.
Results (a) Avian flower visitors
We recorded a total of 242 opportunistic versus 77 specialist bird visitors. The most frequently observed opportunistic bird species during our study were: Ploceus spp. 
(b) Single-visit pollen deposition
We found striking differences among pollinator groups in the mean number of pollen grains deposited on flowers during visits to racemes (χ 2 = 41.7, p <0.001). Opportunistic birds deposited the greatest amounts of pollen, followed by honeybees ( figure 2 ). There were no significant differences in pollen loads on stigmas visited by specialist sunbirds and unvisited control flowers. Importantly, each of the opportunistic bird species outperformed the sunbird species (post hoc tests: p < 0.01; electronic supplementary material, figure S1 ) when bird species was treated as the primary fixed factor in the analysis. Stigma exsertion had no significant relation to pollen deposition and was excluded from the final models.
Discussion
The results of this study support our initial hypothesis that on a per-visit basis opportunistic birds are more effective than sunbirds in terms of depositing pollen on stigmas of A. ferox. Furthermore, bulbuls, starlings and weavers each outperformed the sunbird species to a similar extent, suggesting that these opportunistic birds constitute a group of functionally equivalent pollinators (electronic royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20190349 supplementary material, figure S1 ). These results are consistent with the very large loads of pollen that are usually visible on the heads of opportunistic birds as they move among A. ferox plants (figure 1b), as well as the apparent firm contact between the head and the stigma (figure 1c). Given that opportunistic birds outnumber sunbirds as visitors to A. ferox plants, we can assume that the overall importance (i.e. the product of visitation rate and per-visit effectiveness) of opportunistic birds is much greater than that of sunbirds. Indeed, there was no evidence from the single-visit experiments that sunbirds even contribute pollen to stigmas, given that the mean pollen amount on stigmas of sunbirdvisited flowers was not significantly different from that on stigmas of control flowers. This study confirms the effectiveness of opportunistic birds as pollinators, consistent with studies that investigated the single-visit pollination effectiveness of these birds with that of insects or lizards [9, 15, 34] and contributes to the growing realization of the importance of opportunistic birds for pollination [7, 12, 15, 24, 30] .
Although specialist birds are often described as longbilled and opportunistic birds as short-billed, the two bird groups in this study had identical mean bill lengths (19 mm) [35] and pollination effectiveness cannot therefore be predicted from simple correlations between bill length and floral tube length. The bills of opportunistic birds are often thick, as opposed to the slender bills of specialist birds, and opportunistic birds are also typically much larger than specialist birds. Our observations of bird visits to flowers of A. ferox indicate that the exserted anthers and stigma of this species are spread apart by the large heads of opportunistic birds (figure 1c and electronic supplementary material, video S1), thus ensuring firm contact with the feathers. It is thus apparent that the greater effectiveness of opportunistic birds as pollinators of this species relates to their large head size and thick bills. Sunbirds with their slender bills, small heads and longer tongues seldom make effective contact with the reproductive parts of the flowers, thus acting as nectar robbers of A. ferox (figure 1d and electronic supplementary material, video S1).
Pollination effectiveness of an animal is a product of not simply the amount of pollen deposited on stigmas, but also the quality of the pollen [36] . While we could confirm that the pollen deposited originated from A. ferox as it matched the pollen features of that species and no other Aloe species was flowering at the time, we could not determine the fraction of self-pollen in the mixtures. Several studies have shown that A. ferox plants exposed to all bird visitors set large numbers of fruits while plants from which birds are excluded (i.e. visited only by insects) set very few fruits [30] [31] [32] 37] This, together with the apparent absence of any significant pollen deposition during single visits by sunbirds, leads to the logical conclusion that opportunistic birds deposit enough cross pollen on A. ferox stigmas to be effective pollinators. This is also consistent with our observation that generalist birds arrive on A. ferox plants with their faces already coated conspicuously with pollen of this species ( figure 1a,b) . Nevertheless, a key aim for future studies should be to determine whether poor seed set following honeybee visitation to this species [30] [31] [32] is related to issues of pollen quality.
In conclusion, this study shows that opportunistic birds can outperform specialist birds as pollinators on a per-visit basis and thus provides validation for the idea that opportunistic birds both are important agents of selection on floral traits and play an important ecological role as pollinators.
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